SUMMARY
INTRODUCTION.
Significant evidence points to a role for oxygen derived reactive species (ROS) as mitogens for mammalian cells; this possibility is suggested by the fact that exogenous oxidants can induce quiescent cells entry into cell cycle (1) , and are able to elicit signal transduction events, as for instance protein tyrosine phosphorylation and early gene activation, reminiscent of cell stimulation by Growth Factors (2) . More importantly, "traditional" proliferative signals, as those delivered by the activation of growth-factor receptors and G proteins of the Ras family, are accompanied by intracellular production of endogenous oxygen species, which are in turn necessary for downstream propagation of mitogenic signaling. In fact ROS, and Hydrogen Peroxide in particular, have been convincingly shown to operate as key signaling molecules in the cascades triggered by PDGF (3), EGF (4), cytokine and antigen receptors (5, 6) , and to be required for proliferative response to oncogenic Ras (7) .
Observations on redox regulation of growth-factor signaling have been of special interest for the understanding of the molecular mechanism underlying the mitogenic properties of oxidants, and their potential involvement in proliferative disorders such as cancer and atherosclerosis. Most growth factors activate, through their tyrosine kinase receptors, an intracellular cascade of events involving, as central components, the tyrosine phosphorylation of the receptor itself and of a number of other substrates, the phosphotyrosine-dependent recruitment to cell membrane of multiple signal transducers and, eventually, the delivery of mitogenic stimuli to the nucleus (8) .
Although with remarkable exceptions, tyrosine phosphatases exert a general inhibitory effect on such cascade, by attenuating the intensity of phosphorylation signals initiated by activated receptors, and accelerating their extinction (9) , as clearly shown by the emergence of deregulated cell growth in association to genetic inactivation of some specific member of this class of enzymes (10) .
Tyrosine phosphatases are especially sensitive to redox regulation, and are easily inactivated by oxidation of a critical cysteine residue located in the catalytic site (11) ; they represent therefore a potential target for both exogenous and endogenously derived oxygen species. In fact, tyrosine phosphatase PTP1B is rapidly and transiently inactivated by ROS following EGF-receptor triggering (12) , and some reports exist on redox regulation of phopsphatase activities in physiological conditions (13) .
In multicellular organisms, normal cell growth is strictly regulated not only by the local availability of growth factors but also by a number of positive and negative co-stimuli delivered by the extracellular matrix and the neighbouring cells. A clear example of such complex network is 4 provided by the negative regulation of normal cell growth by cell-cell contact, a phenomenon also known as "contact inhibition". Normal adherent cells as well as some immortalized cell lines exit cell cycle and stop proliferating when grown to confluence, even in the presence of optimal amounts of growth factors. This contact dependent control of cell proliferation is believed to act in vivo during tissue regeneration and wound healing, and is also conceivably involved in tissue patterning during embryonic development (14).
Cell transformation by oncogenes results in loss of contact inhibition; transformed cells maintain the capacity to divide at very high density, and pile up in foci, instead of growing in monolayer.
The transforming capacity of molecules such as the tyrosine kinase Src and the G-protein Ras, as well as studies comparing growth factor signaling at different cell densities, have been of help in starting to elucidate the molecular basis of growth control by cell-cell contact. For instance, confluent cells have been shown to have decreased levels of protein tyrosine phosphorylation, associated to an increase in PTPase activity (15). Cell treatment with tyrosine phosphatase inhibitors relieves contact inhibition and allows cell growth at high saturation density (16) . Confluent cells are also refractary to the mitogenic effects of Growth Factors such as EGF and PDGF, and such hyporesponsiveness correlates with accelerated dephosphorylation of the corresponding tyrosine kinase receptors (17) . In addition, molecules associated to cell-cell adherent junction , such as cadherins, cathenins and the growth factor receptor substrate p120 are also poorly phosphorylated in confluent endothelial cell cultures, but strongly phosphorylated by v-Src (18) . The idea that tyrosine phosphatases are directly involved in contact inhibition is therefore largely accepted, also in view of the crucial role of protein tyrosine phosphorylation in transducing signals delivered by growth factor receptor as well as by adhesion molecules; however, the modality of regulation of these enzymes by cell density remains still unclear.
In view of the reported sensitivity of tyrosine phosphorylation cascades and tyrosine phosphatases to oxidants and reductants (19) , and of the emerging importance of oxygen radicals as physiological regulators of cell proliferation (20) , we asked whether a redox mechanism could be involved in the growth inhibitory signals delivered by cell-cell contact. Experiments here presented provide evidence that growth inhibition by cell density operates, at least in part, through a redox regulation of growth factor signaling, and, by extension, that the concentration of intracellular ROS may represent an important level of integration for positive and negative signals regulating cell proliferation. To assess the level of tyrosine phosphorylation of SHP-2 and SHP-2 associated proteins, the enzyme was immunoprecipitated with an affinity purified rabbit anti-SHP2 antiserum (Santa Cruz Biotechnology) bound to Protein-G Sepharose beads. After extensive wash, the immunoprecipitates were boiled and proteins resolved by SDS-PAGE, transferred to nitrocellulose and subjected to antiphosphotyrosine immunoblot. The same membrane was subsequently stripped and immunoblotted with the anti SHP-2 antiserum, to verify that equal amounts of immunoreactive enzyme was present in all samples.
Assay for SHP-2 phosphatase activity. Phosphatase activity of anti-SHP2 immunoprecipitates was determined as described before (22 Rac-1 GTPase is negatively regulated by cell density. The small GTPase Rac-1 mediates shape changes following cell stimulation by growth factors (23) , and is required for cell cycle progression (24) and for cell transformation by oncogenic Ras (25) . This transducer has recently been involved in the ligand (26) and adhesion (27) dependent generation of reactive oxygen species, and therefore represents a key component of the redox signaling machinery activated by mitogenic stimuli.
Active (i.e. GTP-bound) Rac-1 binds to and activates a number of downstream effectors, including the serine threonine kinase PAK (28) . We have used an assay developed by Sander et al. and based on co-precipitation of active Rac with a PAK-GST fusion protein (21) , to evaluate the level of activity of Rac-1 in cells plated at different densities. In MRC-5 and GM701 cells Rac-1 activity was found significantly higher in sparse than in confluent cultures, while no or minimal changes were observed in the expression level of the protein, assessed by western blot analysis ( fig. 2A) . It thus appears that, even in the presence of optimal amounts of serum derived growth factors, the activity of Rac-1 is negatively regulated by cell density and, most likely, by cell-cell contact.
Rac-1 can regulate at least two different sources of oxygen radicals; one is represented by phagocytic NADPH oxidase or similar enzyme complexes expressed by non phagocytic cells (29) .
The other one is the conversion to prostaglandins and leukotriens of arachidonic acid, whose release is stimulated by growth factors in a Rac-dependent fashion (30) . Since both rac-1 activity and intracellular ROS generation are depressed in confluent cells, it is conceivable that a Rac-dependent radical source is involved in redox chnges induced by cell density. Pretreatment of sparse Gm701 cells with the NADPH oxidase inhibitor Diphenileneiodonium (DPI) had no effect on the steady 
Impaired protein tyrosine phosphorylation in confluent fibroblast cultures.
Impaired growth factor signaling and increased tyrosine phosphatase activity have been described by several authors in contact-inhibited cells (15, 17). Moreover, protein tyrosine phosphorylation is a well established target for signal transduction by Hydrogen Peroxide (19) . As an initial step to evaluate the relationship between reduced ROS generation and defective mitogenic signaling in confluent fibroblasts, we exposed 3T3 cells to the phosphatase inhibitor Sodium Orthovanadate; this inhibitor acts, at least in part, through a redox mechanism and requires, for maximum activity, a 2) .
Modulation of the cytosolic phosphatase SHP-2 by cell density.
As many other tyrosine phosphatases (11), the cytosolic protein tyrosine phosphatase SHP-2 is remarkably sensitive to redox regulation, and is rapidly inactivated by oxidants. In agreement with this concept, the reducing DTT significantly stimulated the activity of the cytosolic protein tyrosine phosphatase SHP-2 in vitro, suggesting that a reducing environment, as it is found in confluent cells, can promote protein dephosphorylation through the direct activation of PTPases (Fig. 6C) .
In EGF-stimulated cells, SHP-2 co-precipitates with the activated EGF receptor and a prominent 120 kD protein band, both proteins representing SHP-2 substrates (32). SHP-2 is also tyrosine phosphorylated upon EGF stimulation, and can rapidly auto-dephosphorylate (33) . and selectively increase the cell saturation density, while having little effect on exponential fibroblast growth (25) . Therefore, independent of its involvement in signal transduction by oxygen species, the observation that Rac-1, an important effector of Ras function, is negatively regulated by cell density is relevant for the understanding of negative signaling in contact-inhibited cells.
Among G proteins, such density-dependence has been so far reported only for the small GTPase Rap-1 (36), while Ras has been found to be unaffected by cell confluence (37) , and is unlikely to be involved in contact inhibition. Finally, our findings are in line with the recent observation that cell density inhibits the activity of the stress kinases JNK-1 and p38, two well established targets for both Rac-1 and oxidant signaling (37) . ROS concentration has conceivably dropped below a threshold-level compatible with cell cycle progression) whereas it has no effect on sparse cultures. This observation further confirms that redox signaling is significantly altered by cell density, and provides a new biochemical mechanism for deregulation of cell growth by oxidant species.
While the intracellular molecules which mediate the effects of redox changes on cell proliferation have not been identified in the present study, our data point to protein tyrosine phosphorylation/dephosphorylation as a key mechanism of redox signaling by cell density. The finding that some signaling charactheristics of confluent cells, such as impaired tyrosine phosphorylation and increased tyrosine phosphatase activity, can be reproduced in sparse cells by the reducing agent DTT, further strengthen the causal link between lowered concentration of oxygen radicals and defective responsiveness to growth factors in contact-inhibition. The activity of the tyrosine phosphatase SHP-2 is significantly stimulated by reducing conditions in vitro ( fig. 6C) , and indirect evidence has been provided that this phosphatase is more active in confluent cells than in sparse cultures (6A and B). These observation, in view of the well established role for this enzyme as an intracellular transducer downstream of growth factor receptors and integrins (9) , qualify the tyrosine phosphatase SHP2 as a molecular model for oxidative regulation of cell growth , and as a putative target for redox-signaling by cell density.
Further experiments will help to directly assess the relative role of this enzyme in density-dependent cell cycle arrest.
In conclusion, the data here presented are consistent with a model in which defective redox signaling through Rac-1 impairs mitogenesis by growth factors and mediates, at least in part, contact inhibition ( fig. 7 ). While additional studies will be necessary to understand in details the molecular mechanism through which redox changes observed in confluent cells are induced and translated into cell cycle regulatory events, the present work outlines a novel, ROS-dependent circuit of regulation of cell growth, which may help to better understand the role of oxidative stress in proliferative disorders such as atherosclerosis and cancer.
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